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Introduction
Rechargeable small Li-ion or Li-polymer batteries are in wide demand for portable electronics. More recently, the toy and hobby market has introduced small lithium-ion batteries weighing 2 to 5 g. These commercial off the shelf (COTS) lithium-ion batteries may be useful for new military applications that also require small power sources that provide several Watts. The specific motivation for this study was to determine the suitability of COTS small Li-ion batteries for 10-g nanoair vehicles (NAVs), which require about 4 to 8 W for both propulsion and communications, but the findings are generic to a range of devices. Because the power to weight ratio is most important for air vehicles, we focus here on the metrics of specific power (W/kg) and specific energy (Wh/kg).
Definitions and background
The rate of doing work, power, or alternatively the energy or work produced or consumed per unit time, is expressed in this report in watts (W). Electrical power (P) in watts is the product of current (I) in amperes multiplied by the potential drop across the load (V) in volts. The amount of work done, energy, is calculated from the time integral of the power.
The amount of energy can be expressed in units of watt-hours (Wh) where 1 Wh of energy is equal to 1 W of average power integrated over a 1 hour period and is equal to 3600 J.
Rechargeable batteries are electrochemical energy storage devices that convert the chemical energy of stored inactive materials into electrical energy. In the case of Li-ion batteries, an individual electrochemical cell comprises a carbon-based negative electrode (anode) and a lithium-metal-oxide-based positive electrode (cathode), each of which has different electrical potentials, and are electronically separated but ionically connected with an electrolyte. The active material in the cathode is typically lithium cobalt oxide (LiCoO 2 ), or a nickel and manganese-based derivative, and the anode is typically a graphitic carbon which accommodates lithium intercalation. The active materials are additionally mixed with a polymer binder and a highly conductive carbon, to reduce ohmic losses. Slurries are formed by organic solvents mixed with these ingredients and are cast as thin films on aluminum (cathode) and copper (anode) current collectors. The separator is a microporous polymer membrane, such as Celgard and is wetted by a liquid electrolyte which is made conductive for Li ions by the addition of a salt such as lithium hexafluorophosphate (LiPF 6 ). The electrolyte is often gelled in small batteries to facilitate packaging and offers flexibility in the shape of the cell. These so-called Lipolymer batteries are functionally equivalent to Li-ion cells.
The practical capacity of a battery is determined by the amount of time needed to discharge between the starting voltage and the cutoff voltage at a particular current.
Typical Li-ion batteries with LiCoO 2 and carbon are discharged galvanostatically from 4.1 V to 2.8 V. When discharged to voltages much lower, the LiCoO 2 -based cell loses its reversibility partly because of instability in the LiCoO 2 crystal structure.
The energy of a battery is a function of the lithium capacity of the active materials.
The theoretical specific capacity (expressed in mAh/g) of the battery materials can be easily calculated, using the following equation, where n is the number of moles of electrons stored per mole of material, M.W. is its molecular weight, and F is the Faraday constant (96,485 C/mol).
The theoretical specific capacity of LiCoO 2 is about 140 mAh/g and that for Li 1 C 6 , is 340 mAh/g. The amount of active material in the cathode and anode must be balanced, and during discharge, the LiCoO 2 is the source of Li, and the carbon is the recipient, which forms Li 1 C 6 when intercalated with Li ions. Thus, only one material can be considered an energy source. When a practical battery is assembled, the weights of the inactive current collectors, electrolyte, binders, and packaging add to the total weight of the battery but contribute no energy. Thus, the specific capacity and energy of a fully assembled, practical Li-ion battery is about 40 mAh/g, or 150 Wh/kg, respectively, assuming an average potential of 3.8 V. The smaller the battery is, the greater the penalty there is for inactive materials, particularly packaging, to the specific energy. specific capacity ( mAh g ) = n 3.6 M.W. F Each Li-ion battery is rated with a capacity, e.g., 50 mAh, and is expected to operate down to 2.8 V. This capacity may not be realized if the discharge current is too great.
Consumption of this great a power results in decreased capacity because of I 2 R heating, or ohmic losses, from the resistance of the materials in the cell. The I 2 R losses are reflected in the cell operational voltage. While a LiCoO 2 /C cell has a discharge plateau of 3.8 V under very low currents, it can be as low as 3.0 V at higher currents, with 0.8 V lost due to resistance (proportional to Ohm's Law). This 0.8 V voltage drop would lead to a very short range for battery discharge (3.0 to 2.8 V), and thus low energy. The resistive losses can become significant at high power.
Ohmic losses can be decreased for high power applications mainly through cell manufacturing. The electrode resistance can be decreased with increasing area, A, and decreasing thickness, d, even as its materials resistivity, ρ, remains constant.
The manufacture of thin, large-area electrodes requires specialized expertise in milling fine materials and electrode mixing and coating. Other factors in the cell resistance are the electrolyte conductivity, the morphology, and intrinsic conductivity of the active materials.
A relevant metric for charging and discharging batteries is the "C-rate", where 1C is the current needed to fully discharge a battery in 1 hour. Thus, a fully discharged 50 mAh battery, should be charged in 1 hour at a charge rate of 50 mA. Its C/5 rate should be about 10 mA while the 10C rate is 500 mA. The same approach is used to estimate discharge rates, as is done in this report. The exact time needed for charge and discharge will change with current, based on its ohmic losses, as discussed above.
Experimental
Small Li-ion batteries from Atomic Workshop, Full River, Kokam, and TOBN were purchased from various vendors, as listed in Table 1 , at a cost of $6 to $10 per battery.
Each battery was weighed, photographed, and then cycled (charged and discharged repeatedly) between 4.1 and 2.8 V under constant currents using a Maccor 2300 battery tester. After four charge and discharge cycles at the C/5 rate, as determined by the rated capacity of the battery, the cells were charged at C/5 and discharged at various rates between 1C and 20C in increasing order.
A nominal voltage for each discharge curve was determined from the voltage value (y value) at the midpoint of the discharge capacity (x value). The voltages were obtained with an error of ±1%. Capacities were determined as the discharge capacity at the 2.8 V cut off voltage. Power was estimated as simply the product of the current and nominal voltage for each discharge curve. The energy was estimated as the product of the nominal voltage and the capacity, ignoring any losses seen from the shape of the discharge curve. The specific energy and specific power denoted in the tables were the energy and power divided by the weight of the packaged battery, respectively. 
Results
The results for the batteries in Table I Only a few years ago, the Kokam 145 mAh battery was a big advance for batteries of this size. Their technology is now outpaced by competitors as manufacturing improvements are made to create batteries with thinner electrodes and less packaging and inactive materials. Improvements in the electrolyte may also be a contributor. Further advances in small Li polymer batteries will likely be made as new materials become available. One such alternate cathode material is carbon-coated lithium iron phosphate, LiFePO 4 , which will lead to higher power, but lower energy batteries. The driver for battery improvement will continue to be the toy and hobby markets. 
5b. Power (W) vs energy (J) of the small Li polymer batteries
The power and energy of each battery are given. In general, the heavier batteries have more power and energy; relative differences can be visualized in the Ragone plot in section 5a.
Figure 5b. Power as a function of energy determined from the Li polymer battery discharge data in Section 4.
